ABSTRACT: CRISPR-Cas9 is a genome editing technology with major impact in life sciences. In this system, the endonuclease Cas9 generates double strand breaks in DNA upon RNA-guided recognition of a complementary DNA sequence, which strictly requires the presence of a protospacer adjacent motif (PAM) next to the target site. Although PAM recognition is essential for cleavage, it is unknown whether and how PAM binding activates Cas9 for DNA cleavage at spatially distant sites. Here, we find evidence of a PAM-induced allosteric mechanism revealed by microsecond molecular dynamics simulations. PAM acts as an allosteric effector and triggers the interdependent conformational dynamics of the Cas9 catalytic domains (HNH and RuvC), responsible for concerted cleavage of the two DNA strands. Targeting such an allosteric mechanism should enable control of CRISPR-Cas9 functionality.
T he CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 system is a bacterial adaptive immune system whose adaptation as a genome editing technology has revolutionized life sciences. 1 The major impact of CRISPR-Cas9 in biomedicine and pharmaceutics motivates fundamental studies of the underlying mechanism, where the molecular basis of DNA recognition and cleavage remain unclear. In CRISPR-Cas9, the endonuclease Cas9 associates with guide RNAs and cleaves complementary DNA sequences. 2 Site-specific recognition and cleavage requires that a short sequence of 2−5 nucleotides, known as protospacer adjacent motif (PAM), is found immediately adjacent to the complementary DNA sequence, which is otherwise ignored by Cas9. 2, 3 The X-ray structure of the Streptococcus pyogenes CRISPR-Cas9 complex shows that the DNA binds to Cas9 matching the RNA with the complementary strand (cDNA), whereas the other strand (non complementary, ncDNA) is displaced ( Figure 1) . 4 An α-helical lobe of Cas9 mediates RNA binding via an arginine rich (R-rich) helix, whereas PAM binds in a groove formed by the protein C-terminus (C-term) and a domain structurally similar to type II topoisomerase (Topo).
The 5′-TGG-3′ PAM sequence initiates DNA association and cleavage by binding to the C-term amino acid residues R1333 and R1335. 3, 5 Two spatially distant domains, HNH and RuvC, cleave the cDNA and ncDNA, respectively, via a concerted mechanism that relies on interdependent conformational dynamics. 6 It is clear that PAM recognition is essential for triggering Cas9 nuclease activity at distant catalytic sites. 3 However, the nature of the allosteric mechanism communicating PAM-Cas9 interactions with the HNH and RuvC domains remains unknown. Elucidating that mechanism is essential for understanding the system's activation and for rational engineering of controlled functionality. Here, microsecond time scale molecular dynamics (MD) simulations reveal that PAM is an allosteric effector that triggers interdependent conformational dynamics of the catalytic domains, responsible for concerted cleavage of the two DNA strands. 6 PAM is an allosteric effector. MD simulations, including configurational sampling over ∼13 μs, have been performed on the complex of Cas9 with guide RNA and its matching DNA containing a 5′-TGG-3′ PAM sequence (referred as Cas9 with PAM: Cas9-wPAM), 5 and on its analogue, crystallized without the PAM segment (Cas9-w/oPAM), 7 employing simulation conditions tailored for DNA/RNA endonucleases. 8 MD simulations reveal that PAM induces a conformational transition of Cas9, as shown by the conformational space explored along its principal modes of motions (i.e., principal components PC1 and PC2) ( Figure 2A and SI (paragraph S2.1 with the conformational change required for nucleic acid association. 9, 10 The generalized correlation matrix (GC ij ), which captures both linear and nonlinear correlated motions of amino acids based on the Shannon entropy, 11 reveals that PAM binding significantly strengthens the correlations between motions of Cas9, including the interdomain correlations of the RuvC and HNH catalytic domains ( Figure 2C ). The net effect is clearly shown by the distributions of GC ij , centered at ∼0.4 (w/oPAM) and ∼0.5 (wPAM, Figure 2D ). As known, the binding of an allosteric effector reshapes the protein conformational landscape, resulting in a shift of the conformational ensemble.
12 This is associated with an overall increase of coupled motions, which mediate the communication between distant sites. 12,13 Accordingly, PAM induces a shift in the conformational dynamics of CRISPR-Cas9, functioning as an allosteric effector that enhances correlations between distant domains. Notably, the PAM-induced correlated motions involve the RuvC and HNH catalytic domains and are associated with the observed "open-to-close" conformational transition.
PAM induced reorganization and signaling. Community network analysis (CNA) provides valuable insights on the structure of correlations, including motions that are essential for conformational reorganization and allosteric signaling. 12, 14 CNA identifies groups (i.e., "communities") of closely correlated residues and the strength of correlation between them, as described by a set of nodes and edges weighted according to GC ij (details in SI). When comparing the structure of the communities in Cas9 with and without PAM, CNA shows that PAM reduces the number of communities ( Figure  3A) , enhancing the allosteric signaling.
12, 15 In the absence of PAM, the communities are much more fragmented, weakening correlations that are essential for allosteric signaling. In addition, PAM strengthens the correlation between communities #1 and #8, composed of the RuvC and HNH domains, respectively, as represented in Figure 3A by a thicker bond between those communities. The connection between communities #1 and #8 is weaker in Cas9-w/oPAM due to fragmentation of communities. Thus, it is clear that PAM induces a stronger communication channel between HNH and RuvC. 6 Mechanism of allosteric signalling. Here, we analyze the effector-induced (i.e., PAM-induced) changes in the dynamic correlations to elucidate the underlying allosteric mechanism.
By plotting the difference in correlations (ΔGC ij ) between the systems wPAM and w/oPAM on the 3D structure ( Figure  3B ), we identify correlated motions that are decreased (ΔGC ij < −0.3) or increased (ΔGC ij > 0.3) by the presence of PAM. We find that PAM increases the interdomain connectivity, with the majority of the correlations involving the central HNH domain. A measure of the interdependent domain motions is given by a per-domain correlation score (Cs i ) matrix, which accumulates interdomain correlations ( Figure 3B , details in SI). 16 In Cas9-wPAM, the HNH and RuvC domains are highly intercorrelated, as opposite to Cas9-w/oPAM. This indicates that PAM is key in triggering the interdependent conformational dynamics of HNH and RuvC, which is required for concerted cleavage of the DNA strands. 6 In the presence of PAM, HNH also correlates strongly with the α-helical domain and results the most correlated domain (see SI). These findings are consistent with the experimental evidence that the HNH dynamics exert a conformational control over Cas9 nuclease activity, 6 and shows that this depends on the presence of PAM. Electrostatic interactions play important roles in allosteric signaling, 16 because charged amino acid residues are key nodes of the dynamic network in Cas9-wPAM ( Figure S8 ). Interestingly, Q771 and E584 engage in interactions with K775 and R905, respectively, forming essential edges of the allosteric pathway ( Figure 3C , details in SI). These interactions connect HNH to RuvC and the α-helical lobe via the L1 (residues 765−780) and L2 (residues 906−918) loops, which effectively function as "allosteric transducers". 6, 17 By computing the optimal pathways (i.e., "shortest pathways") for information transfer between pairs of catalytic residues of the RuvC and HNH domains, we find that the information flows through the L1 loop, via key residues in the path (K772, T770, Figure S9 ). As such, PAM triggers signal transduction through L1 and L2, suggesting that modulatory strategies might arise from mutagenesis of the residues in the path (e.g., K772, T770) and of the nodes in the dynamic network (e.g., E584, R905, Q771 K775). 15, 16 Consistently, Cas9 engineering studies have shown that mutation of charged residues leads to sensible changes in the specificity of the enzyme. 18 In particular, the K775A mutation (identified as a key node residue) has shown a decrease in the off-target cleavage of non-fully complementary DNAs. Therefore, the mutation of the above-mentioned residues that have not been tested yet, and the modulation of the HNH-L1/L2-RuvC allosteric pathways elucidated here, could lead to the design of CRISPR-Cas9 systems with controllable activity, opening new routes for CRISPR-Cas9 rational design. This allosteric mechanism also establishes the basis for investigating the selectivity of Cas9 toward alternative PAM sequences, 19 currently ongoing in our laboratories with the aim of expanding the DNA targeting capability of Cas9.
Electrostatic analysis also provides fundamental insights on the origin of interactions responsible for the "open-to-close" transition, observed in the presence of PAM ( Figure 3D ).
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Upon site-specific binding to PAM, positively charged groups of the α-helical, C-term and HNH domains are attracted by the negatively charged DNA backbone. The resulting rearrangements lead to the "open-to-close" conformational transition, further stabilized by H-bonds and ionic interactions (detailed in SI).
In summary, multi-microsecond time scale molecular simulations (∼13 μs) disclose here an allosteric mechanism in CRISPR-Cas9, which is induced by the presence of PAM. We reveal that PAM functions as an allosteric effector that triggers the interdependent conformational dynamics of the HNH and RuvC catalytic domains, required for concerted cleavage of the DNA strands. 6 These findings provide fundamental understanding of the CRISPR-Cas9 mechanistic action that should be valuable for rational engineering and modulation of the CRISPR-Cas9 allosteric communication. 
